predicted that these two subunits would form a tending loops and/or adjacent elements of secondary structure. One insertion creates a binding site for ARPC3 heterodimer at the structural "core" of the complex.
while the others are primarily exposed to solvent. The These predictions are borne out in the crystal structure, exact structure of Arp2 is less clear because, while half where ARPC2 and ARPC4 are the most buried subunits of the molecule is bound by four other subunits and in the complex, with over 2000 Å 2 of surface area packed shows strong density, there is no strong density for the between them and a further 5000 Å 2 packed against other half. However, a polyalanine model based on actin Arp2, Arp3, ARPC1, and ARPC5. Interestingly, ARPC2 was oriented in weak density that appeared after several has two modules and ARPC4 has one module of the rounds of refinement and the result indicated that the same previously unrecognized ␣/␤-fold, though there nucleotide binding cleft of Arp2 was also open with no is very little sequence identity among these repeated nucleotide bound. structural elements. ARPC3 and ARPC5 are more pe-ATP binding and/or hydrolysis are required for the full ripherally located and also have previously unrecogactivation of Arp2/3 complex [22, 23] . Therefore Arp2 nized, primarily ␣-helical folds. ARPC1 contains WD reand Arp3 must bind ATP and close their nucleotide bindpeats and adopts a seven-bladed ␤ propeller fold, as ing clefts as part of the activation step. In addition, surface was predicted from its sequence.
features on Arp3 have to be rearranged for a proper template to form [15] . However, even with these structural The Structure of Arp2 and Arp3-A Mechanism transformations, a larger conformational change is for Nucleation needed before Arp2 and Arp3 would assume an actin Because of their similarity to actin, speculation about dimer-like orientation. As Arp2 and Arp3 are "face-tothe structure of Arp2 and Arp3 has been extensive. Do face" in the inactive structure, activation could entail a they form a template onto which actin monomers can modest rigid body rotation of Arp2, ARPC4, ARPC1, and add? While the answer seems to be yes, we still do not ARPC5 relative to Arp3, ARPC2, and ARPC3, bringing know the exact structure of the template. The crystal Arp2 and Arp3 into the same conformation as a shortstructure determined by Robinson and that all complex activators likely stabilize this contogether in an actin-like dimer that templates filament formation. Interestingly, though the Arp2/3 complex nuformation. The crystal structure of actin fits into the cleates actin filaments that elongate only in the barbedelectron density for Arp3 quite well except that the nuend direction, neither the structure of Arp2 and Arp3, cleotide binding cleft of Arp3 is open 12Њ further than nor their arrangement in the complex, seems to preclude actin and no nucleotide is bound. Both Arp2 and Arp3 pointed end growth. An explanation for this selectivity also have insertions in their amino acid sequences commust therefore await the structure of the activated pared to actin. Structural modeling predicted that all complex. insertions would fall on the surface of the proteins and would not disturb the core fold [5]. In the case of Arp3,
Mechanism of Activation and Side Binding these predictions were right on target. Arp3's four large
While the structure of the Arp2/3 complex suggests a very reasonable and beautiful mechanism of activation, insertions do indeed fall on the surface, generally ex-
Figure 1. Actin Filament Nucleation and Organization by Arp2/3 Complex
Step 1: An actin monomer-bound NPF molecule (WASP family or ActA) associates with inactive Arp2/3 complex.
Step 2: The NPF•actin•Arp2/3 complex assembly binds to the side of an actin filament and becomes fully activated.
Step 3: Actin monomers rapidly add onto the barbed end template created by the Arp2/3 complex, creating a new Y-branch. how NPFs and actin filaments bind to the complex and to each class of NPF should help us understand these differences in detail. effect the transformation is unresolved. It is tempting to speculate that the acidic C-terminal domain of WASP In addition to the mechanism of activation, the structure of the Arp2/3 complex bound to mother and daughter family NPFs binds to two large basic patches on ARPC1 and ARPC3, bridging the complex and bringing Arp2 actin filaments is beginning to be addressed by cryoelectron microscopy ( Figure 3B ) [14] . Because the helic-and Arp3 into proximity [15] . In support of this model, the NPFs ActA and Scar1 can be chemically crosslinked ity of the mother filament is undisturbed by complex binding and because the mass of protein between the to Arp2, Arp3, and ARPC1 [24] . However, Gournier et al. show that complexes lacking ARPC3 or ARPC5 and two helical filaments in the branch is too small to contain all seven subunits, Volkman et al. conclude that the first ARPC1 can still be stimulated by the NPFs ActA and WASP, albeit less robustly than the intact complex, sug-two monomers in the daughter filament must be Arp2 and Arp3. The complex appears to be attached to the gest that the mechanism of activation is complex [21] . In addition to this complication, it has been shown that side of the mother filament via three bridges of density contacting three actin molecules. However, because various NPFs, including different members of the WASP family [25, 26] , do not all activate Arp2/3 complex equally none of the non-Arp subunits of the complex resemble any known actin filament binding protein, it is hard to well. Determining the structure of Arp2/3 complex bound [14] . Arrows indicate the three bridges of density observed to connect the Arp2/3 complex to the mother filament. Image kindly provided by Niels Volkmann and Dorit Hanein.
Figure 3. Arp2/3 Complex in the Activated State (A) A comparison of the inactive Arp2/3 complex (top) and a model for the activated conformation (bottom). Modified from [15]. (B) Model of Arp2/3 complex in the Y-branch. A molecular model of F-actin is fitted into a 2D reconstruction of the Y-branch determined by electron microscopy

Figure 4. Schematic Diagram of Arp2/3 Complex Activation
Step 1: Inactive Arp2/3 binds to ATP and to a complex of NPF•actin, closing the nucleotide binding clefts of Arp2 and Arp3. The actin monomer bound to the NPF associates with Arp2 and Arp3 and the entire assembly binds to the side of a mother filament.
Step 2: ATP is hydrolyzed by Arp2 and/or Arp3 and elongation ensues. predict which subunit constitutes the mother filament bled with an NPF and actin, poised to give birth to a daughter filament, may be some time coming, however. binding interface. Taking into consideration crosslinking, biochemical, and genetic data, Volkmann, et al. pro-It is often difficult to freeze an enzyme in its transition state, but to do so in the presence of a self-polymerizing pose that ARPC1, ARPC2, and ARPC5 form these brid- J. 328, 105-112.  12. Welch, M.D., DePace, A.H., Verma, S., Iwamatsu, A. , and Mitchi-exciting structure, the activated Arp2/3 complex assem-
ges. A critical role for ARPC2 is further supported by molecule like actin is truly a technical challenge. Perhaps the powerful combination of cryo-electron microscopy the fact that isolated ARPC2/ARPC4 heterodimers can bind to actin filaments [21]. In support of a role for and X-ray crystallography will soon give us a close up look at this fascinating complex at work within the actin ARPC1, Robinson et al. note that a helix formed by residues between blades 6 and 7 of the ARPC1 ␤ propel-polymerization machinery. ler contacts Arp3 of a neighboring complex in the crystal lattice. In the end, however, understanding how the
